Ependymal overexpression of brain-derived neurotrophic factor (BDNF) stimulates neuronal addition to the adult striatum, from subependymal progenitor cells. Noggin, by suppressing subependymal gliogenesis and increasing progenitor availability, potentiates this process. We asked whether BDNF/Noggin overexpression might be used to recruit new striatal neurons in R6/2 huntingtin transgenic mice. R6/2 mice injected with adenoviral BDNF and adenoviral Noggin (AdBDNF/AdNoggin) recruited BrdU + bIII-tubulin + neurons, which developed as DARPP-32 + and GABAergic medium spiny neurons that expressed either enkephalin or substance P and extended fibers to the globus pallidus. Only AdBDNF/AdNoggin-treated R6/2 mice harbored migrating doublecortin-defined neuroblasts in their striata, and the new neurons expressed p27 as a marker of mitotic quiescence after parenchymal integration. AdBDNF/AdNoggin-treated R6/2 mice sustained their rotarod performance and open-field activity and survived longer than did AdNull-treated and untreated controls. Neither motor performance nor survival improved in R6/2 mice treated only with AdBDNF, and intraventricular infusion of the mitotic inhibitor Ara-C completely blocked the performance and survival effects of AdBDNF/AdNoggin, suggesting that the benefits of AdBDNF/AdNoggin derived from neuronal addition. Thus, BDNF and Noggin induced striatal neuronal regeneration, delayed motor impairment, and extended survival in R6/2 mice, suggesting a new therapeutic strategy in Huntington disease.
Introduction
Neural stem cells persist throughout the ventricular subependyma of the adult vertebrate brain (1) (2) (3) (4) (5) . These adult neural stem cells can be induced to differentiate and survive as neurons under the influence of brain-derived neurotrophic factor (BDNF) (6) (7) (8) (9) . When administered intraventricularly, BDNF increases neuronal addition to the olfactory bulb, a typical neurogenic site (10) . In addition, BDNF administration and overexpression are both associated with heterotopic neuronal addition to the neostriatum, a region of the brain that is typically non-neurogenic in adults (11) (12) (13) . These results indicated the feasibility of recruiting new neurons from resident progenitor cells in otherwise non-neurogenic regions of the adult forebrain. However, the vast majority of cells generated from adult subependymal cells either die (14) or differentiate as glia. This raised the possibility that neuronal production by resident progenitor cells might be potentiated by concurrently suppressing glial differentiation. Previous studies had shown that the bone morphogenetic proteins (BMPs) can direct neural progenitors to glial fate in both the adult and the late fetal brain (15, 16) . On this basis, we overexpressed Noggin, a soluble inhibitor of the BMPs (17) , so as to suppress astroglial differentiation by subependymal zone (SZ) progenitor cells, thereby promoting their neuronal differentiation. We found that Noggin indeed suppressed subependymal gliogenesis, and in so doing expanded the pool of SZ cells responsive to neuronal instruction by BDNF (18, 19) . In normal adult rats, concurrent Noggin and BDNF overexpression yielded a substantial increase in the number of new neurons recruited to the neostriatum. Most were added as medium spiny neurons (MSNs), which expressed both the medium spiny protein dopamine- and cAMPregulated phosphoprotein-32 kDa (DARPP-32) and the principal synthetic enzyme for GABA, glutamic acid dehydrogenase-67 kDa (GAD67). Fluorogold (FG) backfills then revealed that most new MSNs extended fibers to their usual target, the globus pallidus. Together, these data suggested that BDNF-induced neurons could mature as medium spiny pallidal projection neurons (18) .
MSNs comprise the predominant striatal phenotype lost in Huntington disease (HD). HD is an autosomal-dominant disorder associated with multifocal degeneration; striatal atrophy is its hallmark. HD is associated with CAG repeat expansions in the first exon of the huntingtin gene; these lead to the production of a mutant huntingtin with marked polyglutamine expansions (20, 21) . Mutant huntingtin exerts a neurotoxic effect manifested in the selective degeneration of several discrete neuronal populations, the most dramatically affected of which is the MSN of the caudate-putamen. Because viral overexpression of BDNF and Noggin induced the selective addition of new neurons in normal rats (18) , we asked whether this strategy might be used to restore MSNs to the afflicted HD neostriatum. To this end, we overexpressed both BDNF and Noggin in R6/2 transgenic mice. These mice express a mutant exon 1 of the human huntingtin gene, engineered to include an approximately 145 CAG repeat expansion (22, 23) . R6/2 mice phenocopy much of the neuropathology and behavioral manifestations of clinical HD, its juvenile-onset form in particular (24, 25) . They exhibit motor deficits as early as 5-6 wk of age, display overt behavioral abnormalities at 8-9 wk, and typically die between 11 and 13 wk (25) .
We report here that adenoviral (Ad) overexpression of BDNF and Noggin in the striatal ventricular wall induced substantial neuronal addition to the striata of R6/2 huntingtin mutant mice. The newly recruited striatal neurons developed as DARPP-32 + and GAD67 + GABAergic MSNs and matured to extend fibers to the ipsilateral globus pallidus. The new striopallidal projection neurons survived and integrated as GABAergic MSNs and included both enkephalin- and substance P-expressing (SP-expressing) neurons, respective constituents of the indirect and direct pallidofugal pathways. The AdBDNF/ AdNoggin-treated animals exhibited delayed motor deterioration, with substantially improved and sustained rotarod performance and open-field activity relative to untreated R6/2 mice. Moreover, they survived significantly longer than did untreated control R6/2 mice, maintaining volitional activity and self care significantly beyond the point at which all untreated R6/2 mice had died. Importantly, BDNF treatment alone, which provides neurotrophic support but only a limited stimulus to neuronal addition, failed to confer any performance or survival benefit to R6/2 mice. Furthermore, the mitotic inhibitor cytosine-β-D-arabinofuranoside (Ara-C) completely blocked both the performance and the survival benefits of AdBDNF/AdNoggin in R6/2 mice, pari passu with its suppression of mitotic neurogenesis. These findings strongly suggest that the benefits of AdBDNF/AdNoggin treatment were due to neuronal addition per se, rather than to any neuroprotective effect of the expressed neurotrophins, thereby implicating induced neurogenesis as an important contributor to the functional improvement of treated R6/2 mice.
Results

AdBDNF induced striatal neuronal addition in both WT and R6/2 mice. A total of 44 mice, 22 R6/2 and 22
WT controls, were used to assess histologically the ability of BDNF combined with Noggin treatment to elicit striatal neurogenesis in R6/2 mice relative to WT controls. At 6 wk of age, matched groups of R6/2 and WT mice received bilateral 1.5 μl intraventricular injections of AdBDNF/AdNoggin (n = 4 per group); AdBDNF (n = 4 per group); AdNoggin (n = 4 per group); AdNull (n = 7 per group); or saline (n = 3 per group). All mice were treated with BrdU once daily for 4 wk thereafter, and then sacrificed at 10 wk of age. Their brains were sectioned and their striata immunolabeled for BrdU together with either βIII-tubulin or NeuN, so as to identify newly generated neurons, using confocal validation as described previously (11, 26) . Among the R6/2 mice, AdBDNF-treated animals exhibited 137.8 ± 34.1 BrdU + βIII-tubulin + cells/mm 3 , significantly more than their counterparts given AdNoggin (24.7 ± 6.2 cells/mm 3 ), AdNull (22.9 ± 6.5 cells/mm 3 ), or saline (6.4 ± 7.8 cells/mm 3 ; P < 0.05 for each comparison, ANOVA followed by post-hoc Bonferroni t tests; Figure 1A and Figure 2A) . Similarly, WT mice injected solely with AdBDNF exhibited 116.9 ± 30.5 BrdU + βIII-tubulin + cells/mm 3 , significantly more than mice given AdNoggin (21.5 ± 7.2 cells/mm 3 ), AdNull (21.3 ± 9.7 cells/mm 3 ), or saline (2.5 ± 3.0 cells/mm 3 ; P < 0.05 for each comparison; Figure 1E and Figure 2A ). Thus, AdBDNF elicited substantial neuronal addition to both R6/2 and WT neostriata. In each, the neuronal identity of AdBDNF-induced BrdU + βIII-tubulin + cells was confirmed by labeling for NeuN ( Figure 1 AdNoggin potentiated AdBDNF-induced striatal neuronal recruitment. We next postulated that by suppressing gliogenesis, Noggin might increase the pool of R6/2 ventricular zone progenitors responsive to neuronal instruction by BDNF. WT mice treated with AdBDNF/ AdNoggin exhibited 218.4 ± 19.4 BrdU + βIII-tubulin + cells/mm 3 , significantly more than WT mice injected solely with AdBDNF, AdNoggin, AdNull, or saline (P < 0.01 for each comparison; Figure 2 , A and B, and Table 1) . Similarly, the neostriata of AdBDNF/AdNoggin-treated R6/2 mice harbored 268.0 ± 52.7 BrdU + βIII-tubulin + cells/mm 3 , significantly more than that observed in R6/2 mice given only AdBDNF (P < 0.05) or AdNoggin, AdNull, or saline (P < 0.001 for each comparison; Figure 2 , A and C). These data indicated that in both WT and R6/2 mice, BDNF and Noggin acted cooperatively to induce striatal neuronal recruitment. AdBDNF/AdNoggin treatment elicited as strong a neurogenic response in R6/2 mice as in WT mice, suggesting that neither the mutant huntingtin phenotype nor any antecedent compensatory progenitor response had depleted or
Figure 1
AdBDNF induced striatal neuronal recruitment in both R6/2 and WT mice. At 1 mo after AdBDNF injection (6 wk), R6/2 striata were double-stained for BrdU (green) and βIII-tubulin (red, A), NeuN (red, B), GAD67 (red, C), or DARPP-32 (red, D). Identically treated WT mice stained for the same markers are shown in E-H. Colabeling of BrdU with each neuronal marker was confirmed by confocal optical sectioning, with orthogonal views in the xz and yz planes (insets). Arrowheads denote double-labeled cells. Scale bars: 10 μm.
exhausted the progenitor pool in R6/2 mice. Thus, the concurrent use of AdBDNF and AdNoggin, by effectively providing a permissive and instructive environment for striatal neurogenesis, greatly enhanced neuronal recruitment to the striatum.
Figure 2
AdNoggin potentiated AdBDNFinduced neuronal addition and integration. (A) Density of BrdU + βIII-tubulin + cells in the striatum of R6/2 and WT mice injected once at 4 wk of age with AdBDNF/AdNoggin (AdB/N), AdBDNF, AdNoggin, AdNull, or saline. (B-E) Newly generated neurons were recognized in both WT (B) and R6/2 (C-E) mice by confocal imaging of BrdU (green) colabeling with βIII-tubulin (red, B and C), DARPP-32 (red, D), or GAD67 (red, E). (F) Density of BrdU + cells (green) coexpressing either DARPP-32, GAD67, enkephalin (Enk), or SP in the striatum of AdBDNF/AdNoggin-, AdBDNF-, or AdNull-injected WT and R6/2 mice. (G and H) BrdU-tagged (green) enkephalinergic (red, G) and SP (red, H) neurons in R6/2 mice. (I and J) FG injection of the globus pallidus revealed BrdU-tagged striatal projection neurons in AdBDNF/AdNoggin-injected 11-wk-old WT (I) and R6/2 (J) mice. *P < 0.05, **P < 0.01, ***P < 0.001, 1-way ANOVA followed by post-hoc Bonferroni t tests. Arrows denote double-labeled cells. Scale bars: 10 μm.
New striatal neurons were recruited as MSNs. We previously noted in rats that AdBDNF-induced striatal neurons expressed markers characteristic of GABAergic MSNs, such as calbindin, GAD67, and DARPP-32 (11) . To determine whether newly recruited neurons in the R6/2 striatum likewise differentiated as MSNs, we immunolabeled sections of BrdU-tagged R6/2 striata for BrdU and either GAD67 or DARPP-32, the latter being the most definitive marker for the GABAergic MSN phenotype within the striatum (27, 28) . We compared the resultant counts to those obtained from R6/2 mice injected with either AdBDNF alone or AdNull. In addition, counts were obtained from matched WT controls similarly injected with either AdNull, AdBDNF, or AdBDNF/AdNoggin.
In R6/2 mice injected with AdBDNF/AdNoggin at 6 wk and killed at 10 wk, 8.6% ± 4.6% of the imaged BrdU + cells, or 125.6 ± 52.5 cells/mm 3 , were DARPP-32 + , while 124.4 ± 35.2 cells/mm 3 expressed GAD67 (Figure 2 , D-F, and Table 2 ). In contrast, only 69.8 ± 5.8 DARPP-32 + BrdU + and 62.4 ± 8.1 GAD67 + striatal neurons/mm 3 were noted in R6/2 mice treated with AdBDNF alone. Moreover, AdNull-injected mice exhibited either no (DARPP-32 + BrdU + ) or insignificantly few (GAD67 + BrdU + ) new MSNs, consistent with their lack of spontaneous striatal neurogenesis at this age. The difference between AdBDNF/AdNoggin-treated and AdNull-treated R6/2 mice in their number of newly recruited striatal DARPP-32 + and GAD67 + neurons, like that demonstrated previously in their total number of new neurons, proved significant (F = 10.58, P < 0.01, and F =15.78, P < 0.001, respectively, 1-way ANOVA with posthoc Bonferroni t tests). WT mice exhibited the same effect, with AdBDNF/AdNoggin yielding a significant recruitment of both DARPP-32 + BrdU + and GAD67 + BrdU + neurons ( Figure 2F ).
Both enkephalinergic and SP + MSNs were induced by AdBDNF/AdNoggin. MSNs include nonoverlapping pools of pallidal projection neurons that express either enkephalin or SP. Enkephalinergic neurons largely project to the external globus pallidus, and thence to the subthalamus, while SP + cells project to the internal segment of the pallidum and subsequently to the substantia nigra and thalamus (29) . As a result, SP + and enkephalinergic MSNs contribute to the functionally distinct direct and indirect pallidofugal pathways, respectively (30) . Enkephalinergic MSNs are especially vulnerable in HD, such that striatal input to the external segment of the globus pallidus is preferentially lost (30) . To predict the relative reconstitution of the indirect and direct pallidofugal pathways by AdBDNF/ AdNoggin-mediated neuronal addition, we asked whether and to what extent newly generated MSNs assumed enkephalinergic or SP + phenotypes. Sections of R6/2 striata (n = 4) were sampled from mice sacrificed at 10 wk of age, after AdBDNF/AdNoggin injection at 6 wk and daily BrdU tagging for a month thereafter. The sections were then stained for BrdU together with either enkephalin or SP. In addition, to assess the possibility that the AdBDNF/AdNoggininduced production of enkephalinergic and SP + neurons might be influenced by disease state, we compared matched samples of R6/2 mice and WT controls (n = 4 per group). We found that both enkephalin + and SP + MSNs were generated in response to AdBDNF/AdNoggin in roughly equal numbers (Figure 2 , F-H, and Table 3 ). We counted 79.0 ± 21.5 BrdU + enkephalin + striatal cells/mm 3 ( Figure 2G ), and 62.7 ± 15.9 SP + cells/mm 3 in the same animals ( Figure 2H ), 4 wk after AdBDNF/AdNoggin injection. In contrast, no BrdU-tagged SP + neurons, and 4.2 ± 4.9 BrdU + enkephalin + neurons/mm 3 (the latter not significantly different from 0), were noted in the AdNull-treated R6/2 mice. Thus, both enkephalinergic and SP + MSNs were generated in response to AdBDNF/AdNoggin treatment, mirroring the typical loss of both of these phenotypes in the R6/2 model and suggesting that both direct and indirect pallidofugal pathways may be supplemented by progenitor-derived MSNs. The relative numbers and proportions of BrdU-incorporating enkephalinergic and SP + neurons did not differ significantly between AdBDNF/AdNoggin-treated R6/2 and WT mice, indicating that the phenotypes assumed by new neurons were not influenced by the R6/2 disease environment.
New neurons were in fact new neurons. Recent reports have noted
instances of BrdU incorporation in the setting of neuronal disease or death, which have been associated with the aborted reentry of threatened neurons into cell cycle (31) (32) (33) . To assess whether R6/2 HD mice exhibit BrdU incorporation by neurons dying as a result of aborted cell cycle reentry, we performed a number of additional experiments. First, we used both caspase-3 and TUNEL immunostaining at 10 wk to assess the incidence of apoptotic neuronal death in the striata of R6/2 mice. Despite abundant caspase labeling in the brains of 1-d-old mice, which served as positive controls because of their abundant perinatal cell death, we observed few caspase + neurons in 10-wk-old R6/2 striata (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI31778DS1). Similarly, we observed only rare TUNEL + cells. These observations were consistent with previous reports that R6/2 mice exhibit little apoptotic neuronal death (23, 34, 35) , despite past reports of both caspase transcription (36) and striatal involution (35) . Thus, we found no evidence of appreciable apoptotic cell death in the R6/2 striatum, arguing against artifactual uptake of BrdU occurring on this basis. Next, we focused on previous observations that neurons dying of hypoxic ischemia can express markers consistent with G1/S phase transition, such as Ki67, while incorporating BrdU, and that these dying cells may lose expression of the G1-cyclin-dependent kinase (CDK) inhibitor protein p27 (32) . To assess the incidence of such nonproliferative BrdU incorporation by striatal neurons in AdBDNF/AdNoggin-treated R6/2 mice, we immunostained R6/2 striata for the mitotic marker Ki67. Of a confocal-analyzed sample of 37 BrdU + βIII-tubulin + neurons randomly imaged in Ki67 costained sections, none coexpressed Ki67 ( Figure 3 , A-D). To the contrary, these BrdU + βIII-tubulin + neurons invariably expressed the CDK inhibitor p27, as would be expected of postmitotic neurons that had earlier incorporated BrdU ( Figure 3 , E and F). Indeed, of 33 BrdU + βIII-tubulin + neurons randomly identified and confocal imaged in p27 costained sections, all expressed p27; none failed to do so. Thus, the BrdU + βIII-tubulin + neurons generated in AdBDNF/AdNoggin-treated R6/2 striata expressed the postmitotic CDK inhibitor p27, but did not express the active cell cycle marker Ki67, consistent with the mitotic generation and then cell cycle exit of those BrdU + βIII-tubulin + and BrdU + NeuN + neurons observed in the striata of AdBDNF/AdNoggin-treated R6/2 mice. Only AdBDNF/AdNoggin-treated R6/2 striata harbored migrating neuroblasts. As an independent means of establishing BrdU + neurons as newly generated, we immunostained both AdBDNF/AdNoggintreated mice and their AdNull-injected controls for doublecortin (DCX) protein. DCX is transiently expressed during neuroblast migration (37) ; although expressed by parenchymal progenitors (38) , it is not known to be misexpressed by damaged neurons. We reasoned that if BrdU incorporation was limited to new neurons, and if only AdBDNF/AdNoggin-treated R6/2 mice exhibited significant striatal recruitment of new neurons, then only AdBDNF/ AdNoggin-treated mice, and not untreated controls, would exhibit double-labeled BrdU + DCX + striatal neuroblasts. To test this postulate, an observer blinded as to treatment compared the incidence of BrdU + DCX + cells in striatal sections (12 per mouse) sampled from 10-wk-old AdBDNF/AdNoggin- and AdNull-treated R6/2 mice (n = 6-8 per group). In the AdBDNF/AdNoggin-injected mice, we identified, and verified by confocal imaging, a total of 23 BrdU + DCX + cells among 1,231 BrdU + cells scored, most of a typical bipolar neuroblastic morphology ( Figure 3 , G and H). In contrast, of 630 BrdU + cells identified in the AdNull-injected R6/2 striata, we failed to identify a single BrdU + DCX + cell. Analysis of the difference between these observed frequencies yielded a c 2 value of 11.9, indicating a highly significant difference (P = 0.0006) in the frequency of BrdU + DCX + cells in the striata of AdBDNF/ AdNoggin- and AdNull-treated R6/2 mice. The apparent restriction of BrdU + DCX + cells to the striata of AdBDNF/AdNoggin-treated R6/2 mice, and the absence of these cells from their untreated controls, suggests that these cells represent migrating neuroblasts, newly generated in response to BDNF and Noggin overexpression.
Newly generated striatal neurons projected to the globus pallidus. We next asked whether new MSNs extended processes to their normal developmental target, the globus pallidus. Mice treated with AdBDNF/AdNoggin, AdBDNF, or AdNull at 4 wk of age (n = 3 per group) and tagged with BrdU for 3 wk thereafter (100 mg/kg daily i.p.) were injected at 10 wk of age with the retrograde tracer FG delivered into the globus pallidus. The mice were sacrificed 10 d later, at 7.5 wk after initial virus administration. Their striata were assessed for the incidence of BrdU + FG + cells, which we defined as newly generated pallidal projection neurons. To avoid spread of the FG tracer beyond the pallidum and thus ensure the identity of retrograde-labeled neurons, we injected only 1 μl of a 1% solution; this would have underestimated the incidence of BrdU + FG + neurons in these striata. Nonetheless, 56.4 ± 19.9 neurons/mm 3 in AdBDNF/AdNoggin-treated animals and 28.7 ± 9.4 neurons/mm 3 in mice treated with AdBDNF alone were BrdU + FG + , and thus identifiable as new pallidal projection neurons (Figure 2 , I and J, and Table 4 ). In contrast, no BrdU + FG + neurons were noted in AdNull-treated striata; only those mice treated with AdBDNF or AdBDNF/AdNoggin generated new striatal neurons whose projections achieved pallidal innervation (P < 0.05, 1-way ANOVA; Table 4 ).
To exclude the possibility that physical diffusion of FG from the pallidal injection sites to the striatum might have yielded any false-positive BrdU + FG + striatal neurons, we immunostained the striata of AdBDNF/AdNoggin-treated R6/2 mice for choline acetyltransferase (ChAT), a marker of cholinergic neurons. Cholinergic neurons comprise a minor, but readily apparent, fraction of striatal neurons. However, unlike the MSNs, striatal cholinergic neurons do not project to the globus pallidus. As a result, they do not incorporate FG delivered to the globus pallidus, but would be expected to label with FG were any of the tracer to enter the striatal parenchyma. We therefore reasoned that if diffusion of FG to the striatum were to account for any of the BrdU + FG + striatal neurons we observed, then we should expect FG + ChAT + neurons to be present as well, whereas the absence of the latter would be inconsistent with significant striatal penetration of the injected of an AdBDNF/AdNoggin-treated R6/2 mouse, given BrdU for 3 wk after viral injection at 6 wk of age and sacrificed at 10 wk, immunostained for BrdU (green), βIII-tubulin (red), and Ki67 (blue), which is expressed by mitotically active cells. In the subventricular zone, actively dividing subependymal cells expressed Ki67, whereas BrdU + daughter cells, the products of earlier divisions, did not. In the neostriatum within the same section, newly generated BrdU + neurons identified by βIII-tubulin (C) or NeuN (D) did not express Ki67 and thus showed no evidence of either persistent mitotic competence or aberrant cell cycle reentry. To the contrary, newly generated BrdU + βIII-tubulin + (E) and BrdU + NeuN + (F) neurons expressed the tumor suppressor p27 kip1 (blue, E and F), a marker of mitotic quiescence. A cohort of BrdU + cells in AdBDNF/AdNoggin-treated mice coexpressed the developmental migratory neuroblastic marker DCX (red, G and H); importantly, these BrdU + DCX + cells were not found in AdNull-treated R6/2 striata at this age, indicating that the immigration of migrating neuroblasts into the R6/2 striatum was a function of AdBDNF/ AdNoggin treatment. Scale bars: 10 μm (B-F); 5 μm (G and H).
FG. To test this possibility, we immunostained the brains of 3 FG-injected R6/2 mice, each given an intrapallidal injection of FG 10 d before sacrifice, for ChAT. We then assessed the incidence of ChAT + striatal neurons and the fraction of these that were FG + . We found that only 2 of 96 ChAT + neurons sampled within the dorsal two-thirds of the mouse striata, the major region of neuronal addition, had incorporated FG, despite virtually uniform FG incorporation by neighboring, noncholinergic striatal neurons (Supplemental Figure 2) . These results provide additional evidence that the BrdU + FG + neurons noted in AdBDNF/ AdNoggin-treated mice represent newly generated neurons that have extended axons though the striatal parenchyma to their normal targets in the adult globus pallidus.
AdBDNF/AdNoggin treatment slowed motor deterioration. To assess the effect of AdBDNF/AdNoggin injection upon the functional deterioration of R6/2 mice, we used both rotarod testing and open-field analysis of volitional locomotion. We also asked whether AdBDNF/ AdNoggin cotreatment, which yields substantially more neuronal recruitment than that afforded by AdBDNF alone, would result in better motor performance than that achieved solely by BDNF (30) . To these ends, we established new cohorts of R6/2 mice treated with AdBDNF/AdNoggin (n = 22), AdBDNF alone (n = 20), and AdNull (n = 15) as well as saline-treated controls (n = 14). All mice were trained on the rod by 4 wk of age, and then tested weekly at a constant 12 rpm (39). We found that the AdBDNF/AdNoggin-treated mice exhibited a significant slowing in their rate of motor dete- rioration, relative to the AdNull-treated R6/2 controls ( Figure 4A and Supplemental Videos 1-5). When the latency to fall off the rotarod (y) was plotted as a function of postoperative survival (x), curves were generated for AdBDNF/AdNoggin- and AdNull-injected mice that appeared to diverge at approximately 5 wk after treatment. Simple regression analysis revealed that whereas the motor performance of AdBDNF/AdNoggin-treated animals could be described by the line y = -28.6x + 322.7, that of the AdNull-treated controls was described by y = -44.0x + 321.4. ANOVA of these regressions revealed that the rate of deterioration of motor performance, as reflected in the regression slopes, was significantly influenced by treatment (F = 4.95 [3, 79 df]; P = 0.003). Post-hoc analysis showed that the rate of motor deterioration was significantly greater in AdNull-injected R6/2 mice than in either their AdBDNF/AdNoggin- or AdBDNFtreated counterparts (P = 0.003 and P = 0.023, respectively). When rotarod performance was compared between groups at each time point, again using ANOVA with post-hoc tests, we found that by 7 wk after treatment, the AdBDNF/AdNoggin-injected R6/2 mice performed significantly better than did AdNull-treated and untreated controls (P = 0.003 and P = 0.004, respectively). In addition, the AdBDNF/AdNoggin-treated R6/2 mice exhibited a performance advantage over mice treated only with AdBDNF, which achieved statistical significance by 9 wk after treatment, at 13 wk of age (P < 0.001; Figure 4A ). When assessed with regards to their ability to sustain 60 s of rotarod performance, the AdBDNF/AdNoggin-treated R6/2 mice performed significantly better than did controls by 11 wk of age, or 7 wk after viral injection (F = 4.49 [3, 63 df], P = 0.006). This difference was sustained through 13 wk of age (F = 9.51 [3, 38 df], P < 0.001; Figure 4B ). Post-hoc comparisons thereafter became difficult because the control animals died, yielding a disproportionate representation of AdBDNF/AdNoggin-treated animals; rotarod testing was halted at that point. Similarly, open-field testing revealed that locomotion was relatively preserved in AdBDNF/AdNoggintreated R6/2 mice, which exhibited significantly more volitional horizontal locomotion than did AdNull-treated or untreated controls at 13 wk of age (F = 4.39 [3, 29 df], P = 0.012; Figure 4C and Supplemental Videos 1-5). Importantly, the increments in both rotarod and open-field performance measures noted in AdBDNF/AdNoggin-treated mice were not replicated by AdBDNF alone (Figure 4 , A-C). To the contrary, AdBDNF treatment alone never yielded a significant increment in either measure, relative to AdNull-treated or untreated R6/2 controls. These data suggest that the robust neuronal recruitment associated with AdBDNF/AdNoggin correlated with functional improvement, while the more limited neurogenic and neurotrophic effects of BDNF alone failed to do so.
Neuronal addition was associated with longer survival. In light of the motor performance increments noted in AdBDNF/AdNoggin-treated R6/2 mice, we asked whether treatment influenced survival. In addition, we again asked whether the effects of AdBDNF/AdNoggin cotreatment were significantly better than those achieved with BDNF alone. To this end, we compared the mean survival of additional matched groups of R6/2 mice (n = 10 per group), treated at 4 wk of age with a single AdBDNF/AdNoggin injection; AdBDNF alone; AdNull:GFP control; or no treatment at all. The mice were then returned to their cages and followed with supportive husbandry until death. We found that AdBDNF/AdNoggin coinjected R6/2 mice survived significantly longer than both AdNull-treated and untreated controls. Moreover, the net survival of R6/2 mice treated with AdBDNF alone was no different than that of AdNull-treated and untreated controls ( Figure 4D ). Survival analysis revealed that AdBDNF/ AdNoggin-treated R6/2 mice survived a mean of 110.0 ± 3.3 d, whereas AdNull-treated and untreated controls survived 94.5 ± 3.2 and 96.6 ± 2.7 d, respectively. ANOVA revealed that the overall effect of treatment upon survival was significant (F = 4.45 [3, 38 df], P = 0.011). Post-hoc analysis confirmed the difference in mean survival between AdBDNF/AdNoggin-treated R6/2 mice and AdNull-
Figure 5
Ara-C suppressed neuronal mitogenesis. (A) Number of newly generated striatal neurons in both R6/2 and WT mice after treatment with AdBDNF/AdNoggin or AdNull, both with and without infusion of the mitotic inhibitor Ara-C. Ara-C essentially abrogated AdBDNF/AdNogginassociated neuronal addition. (B-E) AdBDNF/AdNoggin-treated WT (B) and R6/2 (D) mice exhibited robust incorporation of BrdU (green) by subependymal progenitor cells. In contrast, Ara-C infusion potently suppressed mitotic activity within the subependyma, essentially abrogating neuronal addition to both WT (C) and R6/2 (E) neostriata. **P < 0.001. Scale bar: 100 μm.
treated and untreated controls (P < 0.01 and P < 0.05, respectively), such that AdBDNF/AdNoggin-treated R6/2 mice survived an average of 16.8% longer than did AdNull controls. Although the effect of treatment achieved statistical significance at day 98 (P = 0.013), it was largely because of the relative survival of AdBDNF/AdNoggin-treated mice; R6/2 mice treated only with AdBDNF survived 102.0 ± 2.2 d, not significantly longer than AdNull-treated or untreated R6/2 controls. Thus, the survival benefit associated with AdBDNF/AdNoggin treatment was not provided by AdBDNF alone ( Figure 4D ). Importantly, while the weight loss expected in response to central BDNF administration (11, 40) was noted to equal degree in both AdBDNF- and AdBDNF/AdNoggin-treated mice (Supplemental Figure 3 ), this BDNF-associated weight loss was transient, and evidently did not impair survival of the treated mice.
Mitotic inhibition abrogated BDNF/Noggin-associated treatment benefits. The improved motor performance and survival of AdBDNF/AdNoggin-treated R6/2 mice, relative not only to untreated controls but to AdBDNF-treated animals, suggested that the benefits of BDNF and Noggin co-overexpression derived specifically from induced neurogenesis, rather than from any neuroprotective effects of either agent. Kaplan-Meier analysis confirmed that survival was significantly extended in R6/2 mice injected with AdBDNF and AdNoggin, compared with AdNull-injected R6/2 mice, and revealed that the Ara-C-mediated inhibition of mitotic neurogenesis completely abrogated that survival benefit. *P < 0.05, **P < 0.01 versus Ara-C-infused AdBDNF/AdNoggin and saline-infused controls.
To better establish the causal relationship of induced neurogenesis to the performance and survival benefits of treatment, we assessed the effects of AdBDNF/AdNoggin while concurrently inhibiting induced neurogenesis. To this end, we gave AdBDNF/AdNoggintreated R6/2 mice chronic intraventricular infusions of the mitotic inhibitor Ara-C (2% via Alzet minipump, 0.25 μl/h), so as to block mitotic neurogenesis (41) . We then compared the performance and survival of these mice to matched AdBDNF/AdNoggin-treated R6/2 mice infused with saline, as well as to additional R6/2 mice given an AdNull control vector and then infused with either Ara-C or saline. One set of 40 R6/2 mice were thereby distributed to 4 groups of 10 each, designated AdBDNF/AdNoggin-Ara-C, AdBDNF/AdNogginsaline, AdNull-Ara-C, and AdNull-saline; these were compared in regard to their motor performance as assessed by rotarod and locomotor activity. A second set of 40 R6/2 mice were then distributed into 4 analogous groups of 10 each and entered into a prospective survival study, as assessed by Kaplan-Meier statistics. These 2 studies were designed so as to define whether the motor performance and survival increments associated with AdBDNF/AdNoggin could be reversed by Ara-C blockade of induced neurogenesis. Accordingly, a third set of mice was evaluated in regard to the actual incidence of striatal, neuronal addition in AdBDNF/AdNoggin- or AdNulltreated R6/2 and WT mice, as a function of the presence or absence of concurrent Ara-C infusion. To this end, matched cohorts of 4-wkold R6/2 and WT mice were grouped as AdBDNF/AdNoggin-Ara-C, AdBDNF/AdNoggin-saline, AdNull-Ara-C, and AdNull-saline (n = 3 per group). Infusion of Ara-C or saline was begun 1 wk after viral injection, at 5 wk of age; 1 d later, daily injections of BrdU (100 mg/kg i.p.) were initiated and maintained for 4 wk. All mice (24 total, 12 R6/2 and 12 WT) were then sacrificed, and their brains were assessed for the incidence of BrdU + βIII-tubulin + neurons among all striatal neurons, so as to evaluate the suppression of neurogenesis afforded by Ara-C. We found that Ara-C infusion yielded an almost complete suppression of mitotic neurogenesis and neuronal addition to the striata of both R6/2 and WT animals ( Figure 5 ). Histologically, whereas AdBDNF/AdNoggin-treated R6/2 mice infused with saline exhibited 292.6 ± 31.8 BrdU + βIII-tubulin + neurons/mm 3 , those infused with Ara-C exhibited no BrdU-tagged neurons whatsoever (P < 0.001, ANOVA followed by post-hoc Bonferroni t tests). Similarly, while AdBDNF/AdNoggin-treated WT mice manifested 248.4 ± 86.6 neurons/mm 3 , those infused with Ara-C had no new quantifiable striatal neurons (P < 0.001; Table 5 ).
Along with this Ara-C-associated inhibition of striatal neurogenesis, we observed an essentially complete abrogation of the performance and survival benefits of AdBDNF/AdNoggin treatment in Ara-C-infused R6/2 mice. Both the rotarod performance ( Figure 6,  A and B) and open-field locomotor activity ( Figure 6C ) of AdBDNF/ AdNoggin-treated R6/2 mice were substantially better than those of AdNull-treated controls, replicating our initial results of Figure 4 . However, Ara-C treatment completely inhibited the salutatory effects of AdBDNF/AdNoggin treatment on both rotarod performance and open-field volitional activity ( Figure 6 , A-C, and Supplemental Videos 1-5). Similarly, whereas AdBDNF/AdNoggin-treated R6/2 mice lived significantly longer than did the untreated controls, matched Ara-Cinfused animals lived no longer than did AdNull-injected, untreated R6/2 mice ( Figure 6D ). In this case, Kaplan-Meier survival analysis revealed that AdBDNF/AdNoggin-treated R6/2 mice survived a mean of 110.7 ± 2.8 d, whereas matched AdBDNF/AdNoggin-treated mice infused with Ara-C survived only 97.9 ± 2.3 d, suggesting that the survival increment blocked by Ara-C, and hence attributable to neurogenesis, was 13.1%. The difference in survival between AdBDNF/ AdNoggin-treated mice and AdNull-treated and Ara-C-inhibited controls achieved significance by day 100 (P = 0.035) and persisted through day 116 (P = 0.024). Indeed, R6/2 mice treated with Ara-C as well as AdBDNF/AdNoggin survived no longer, at 97.9 ± 2.3 d, than did AdNull-treated control mice given either Ara-C (94.9 ± 3.1 d) or saline (96.6 ± 2.9 d). ANOVA confirmed that AdBDNF/AdNoggin significantly improved the survival of R6/2 mice relative both to those given AdNull alone (t = 12.7, P < 0.01), and to those treated with AdNull together with Ara-C (t = 16.0, P < 0.01). Remarkably, Ara-C addition to AdBDNF/AdNoggin abolished this survival benefit (P > 0.05 compared with AdNull), as revealed by a significant difference in the survival of Ara-C-infused AdBDNF/AdNoggin-treated R6/2 mice compared with those treated with AdBDNF/AdNoggin but infused only with saline (t = 10.5, P < 0.05). These results indicated that both the performance and the survival benefits associated with AdBDNF/AdNoggin treatment were dependent upon mitotic neurogenesis, and thus could be abrogated by the suppression of neuronal addition to the diseased R6/2 neostriatum.
Discussion
These results indicate that the concurrent overexpression of BDNF and Noggin may be used to induce quantitatively substantial and functionally significant neuronal recruitment from endogenous progenitor cells into the R6/2 huntingtin mutant neostriatum. When R6/2 mice were assessed at 10 wk of age, BDNF overexpression beginning at 6 wk was found to have induced the addition of 138 ± 34 new neurons/mm 3 . Although significant, this represents just 0.6% of the striatal neuronal population. On this basis, we then coexpressed BDNF together with Noggin so as to suppress non-neurogenic pathways of subependymal cell differentiation and thereby increase the pool of progenitor cells potentially responsive to BDNF. By this means, 268 ± 53 neurons/mm 3 were added to the AdBDNF/ AdNoggin-treated R6/2 striatum within a month of viral injection, representing an increment of 1.2% of the mean striatal neuronal pool during that month. Whether such numbers can be uniformly recruited over longer periods of time using more sustained expression vectors will depend upon the capacity for sustained neurogenesis by the R6/2 neural stem cell pool, as well as the sustained receptivity of the tissue. Nonetheless, recent reports of expanded endogenous neural stem cell populations in both R6/2 mice (42) and HD patients (43) suggest that subependymal progenitor cell populations potentially receptive to BDNF/Noggin-induced mobilization indeed remain abundant and active in the HD brain. Adenoviral gene expression is transient, so that meaningful BDNF and Noggin expression persists for less than 2 mo after intraventricular viral injection (11) . Nonetheless, a pronounced functional benefit was noted in these AdBDNF/AdNoggin-treated mice that persisted long after their effective period of BDNF and Noggin overexpression: AdBDNF/AdNoggin treatment delayed the onset and slowed the course of motor deterioration of the R6/2 mice, just as it extended their survival. Interestingly, the enhanced performance and prolonged survival of the treated mice was thus associated with neuronal addition that had occurred during the discrete period of BDNF and Noggin overexpression, which likely ceased months before the treated animals actually died. This argues for the sustained functional benefits potentially associated with antecedent neuronal addition and suggests the even greater likely value of more sustained BDNF and Noggin overexpression strategies.
In this regard, it is important to note that the AdBDNF/AdNoggin-associated survival benefit was entirely abolished by concurrent intraventricular infusion of the mitotic inhibitor Ara-C, delivered at low doses that impede central neurogenesis (41) but otherwise lack known central or systemic toxicity (44) . These results argue that induced restorative neurogenesis can delay symptom progression in a prototypic mouse model of HD. In addition, the inhibition of this effect by the concurrent Ara-C-mediated suppression of neurogenesis indicated that the improved motor performance and survival of AdBDNF/AdNoggin-treated R6/2 mice required neuronal addition; both BDNF and Noggin might still have exercised neuroprotective effects on threatened striatal neurons, but if such effects were operative, they were alone insufficient to significantly improve either motor performance or survival in these mice.
Our evidence strongly points to mitotic neurogenesis as the basis for BrdU incorporation by the BrdU + neurons that we noted. This point bears scrutiny, given several recent reports of BrdU incorporation in the setting of neuronal injury and degeneration. Kuan and colleagues (32) noted that neurons dying of hypoxic ischemia may reenter the cell cycle, and as a result express markers consistent with G1/S phase transition, such as Ki67, while incorporating BrdU and losing expression of the CDK proteins p16 and p27. However, no such evidence of aberrant cell cycle reentry was noted in a variety of other insults, which included adrenalectomy, kainite toxicity, and major trauma. Kuan et al. assessed the temporal relationship of ectopic cell cycle reentry to neuronal death in detail and noted that BrdUincorporating neurons appeared by 5 d after ischemic injury, but were no longer evident by 28 d. When apparent at 5 d, they expressed the mitotic marker Ki67 and had lost expression of the mitotic inhibitor p27, suggesting cell cycle reentry. In addition, Kuan et al. noted that BrdU-incorporating neurons arising after ischemia quickly lost expression of the neuronal skeletal constituent βIII-tubulin, so that the cells had to be identified as such by colabeling with the more stable marker NeuN. As a result, these authors found no evidence of BrdU + βIII-tubulin + cells after the first week after ischemic injury (32) .
In contrast to the failure of Kuan et al. to observe BrdU + βIII-tubulin + neurons at 4 wk after ischemia (32), we noted abundant BrdU + βIII-tubulin + neurons in the AdBDNF/AdNoggin-treated neostriata of both R6/2 and WT mice as long as 6 wk after viral injection. These cells expressed DARPP-32 and either enkephalin or SP and maintained projections to the globus pallidus that could be FG backfilled as long as 7 wk after viral treatment. Furthermore, all of our quantitative scoring was done using an BrdU + βIII-tubulin + end point at 4 wk after viral injection; Kuan et al. noted the complete disappearance of this antigenic phenotype by 4 wk (32). To emphasize this point, we reliably noted over 300 BrdU + βIII-tubulin + neurons/mm 3 added to both R6/2 and WT mice after AdBDNF/AdNoggin treatment, a number that vastly surpassed the few BrdU + NeuN + striatal neurons (and lack of BrdU + βIII-tubulin + neurons) noted by Kuan et al. 4 wk after ischemic injury (32) . In this regard, it is also worth noting that we have previously reported the persistence of these cells as long as 56 d after production in rats, with little fall-off from the numbers noted at 21 d in that study (18) . Thus, unlike the transient appearance and rapid clearance of a BrdU-incorporating βIII-tubulin + neuronal phenotype immediately following hypoxic ischemia, the striatal neurons generated in response to BDNF and Noggin overexpression in the R6/2 brain were long lasting and stably integrating.
In studies that paralleled those of Kuan et al. (32) , Herrup and colleagues reported that neuronal cell death in both Alzheimer disease and ataxia telangiectasia can be preceded by cell cycle reentry (33, 45) . These observations again raise the possibility that neuronal death in some pathologies might be heralded by aborted cell cycle reentry, with attendant neuronal incorporation of BrdU. To assess whether R6/2 HD mice exhibit BrdU incorporation by neurons dying as a result of aborted cell cycle reentry, we performed a number of additional experiments. First, TUNEL staining at 10 wk revealed very few dying neurons, consistent with previous reports that R6/2 mice exhibit little if any apoptotic neuronal death (23, 34, 35) . Second, immunostaining for the mitotic marker Ki67 revealed no evidence of Ki67-expressing βIII-tubulin + or NeuN + striatal neurons; to the contrary, BrdU + βIII-tubulin + neurons were noted to invariably express the CDK inhibitor p27, as would be expected of postmitotic neurons that had incorporated BrdU previously. In addition, it is important to note that we observed BrdU + βIII-tubulin + neurons as a function of BDNF/Noggin treatment, but not as a function of disease; at 10 wk, these cells were present in both AdBDNF/AdNoggin-treated WT and HD striata. Indeed, the similar incidence of BrdU-tagged neurons in the WT and HD striata is hard to reconcile with any disease-associated aberration in neuronal mitotic quiescence. Together, these observations strongly suggest that the BrdU + βIII-tubulin + and BrdU + NeuN + neurons we observed in the AdBDNF/AdNoggintreated R6/2 striata were the products of mitotic neurogenesis.
Although the mechanisms of neurotoxicity in HD remain unclear, BDNF transcription has been reported to be impeded by CAG-expanded huntingtin protein (46) . Because BDNF supports MSNs via its anterograde transport and release from corticostriatal afferents (47) , mutant huntingtin's suppression of corticostriatal BDNF or loss of WT huntingtin function may deprive MSNs of their trophic support. As a result, BDNF has been investigated as a neuroprotective agent for MSNs in the setting of HD (48) (49) (50) . The improved motor performance of our AdBDNF/AdNoggintreated mice may derive in part from BDNF's neurotrophic effects on resident MSNs, over and above its induction of new neurons from resident progenitors (51, 52 ). Yet neither rotarod performance nor survival was significantly improved in R6/2 mice treated with AdBDNF alone, save for a minor delay in their rotarod deterioration rate. This contrasted with the robust increments in each outcome measure noted in R6/2 mice treated with AdBDNF and AdNoggin together. Because Noggin itself has no known neurotrophic actions and exhibited no significant induction of neuronal addition relative to AdNull-treated mice, the beneficial effects of Noggin's addition to BDNF in this study would appear to derive from its potentiation of BDNF-induced striatal neuronal recruitment. In this regard, in pilot studies of the effects of AdNoggin on the motor performance and survival of R6/2 mice, we noted no significant differences from AdNull- or saline-treated mice (our unpublished observations), suggesting that AdNoggin's suppression of subependymal gliogenesis did not provide observable benefit to R6/2 mice. These data argue that the performance and survival increments of AdBDNF/AdNoggin-treated R6/2 mice were specifically caused by the AdBDNF/AdNoggin-associated addition of new MSNs to the R6/2 striatum and did not derive from BDNF's neuroprotective effects. That being said, the neurotrophic actions of BDNF delivered to the striatal wall may have potentiated the relative contribution of the new neurons by preserving the functional competence of the network into which they integrated.
Together, these observations suggest that BDNF/Noggin-stimulated neurogenesis may represent a means of both replacing neurons lost to striatal neurodegeneration and conferring therapeutic benefit in HD. By using this fundamentally restorative strategy in parallel with independent neuroprotective approaches, such as minocycline inhibition of caspase activity (53) , histone deacetylase inhibitor support of neuronal transcription (24) , Coenzyme Q and creatine support of neuronal energy reserves (39, (54) (55) (56) , and FGF2 infusion (57), we might reasonably hope to establish a protocol for combination therapy of HD in affected individuals. In this regard, the 17% net increase in R6/2 survival that we observed following a single intraventricular injection of AdBDNF/AdNoggin is as robust an effect as any previously noted using any of these alternative neuroprotective strategies, alone or in combination. Yet because BDNF and Noggin were likely overexpressed for no longer than 1-2 mo after viral injection (11), we can reasonably postulate that more sustained BDNF and Noggin delivery, whether afforded by protein delivery or more persistent transgene expression, may yield proportionately greater benefits to the performance and survival of affected subjects. Used in tandem with these other, mechanistically independent, approaches toward the protection of threatened striatal neurons, induced neurogenesis may prove an effective strategy for delaying both extrapyramidal dysfunction and overall disease progression in HD. More broadly, these findings suggest that induced neurogenesis from resident progenitor cells may comprise a feasible strategy reconstituting lost multinuclear circuits in the diseased adult brain.
Methods
Ad construction. Replication-incompetent AdBDNF and AdNull were constructed and raised as described previously (11) . In brief, we constructed an Ad vector bearing BDNF under the control of the CMV promoter, placed upstream to the gene encoding humanized GFP, with an intervening internal ribosomal entry site. Using the same techniques, a ΔE1, ΔE3 type 5 adenovirus was made to encode, under CMV control, human Noggin ΔB2 , from which the B2 heparin binding domain had been deleted, yielding AdNoggin ΔB2 (58) . Viral concentrations and effective titers were as follows: AdBDNF, 9.3 × 10 11 particles/ml, 5 × 10 9 pfu/ml; AdNoggin, 1.1 × 10 12 particles/ml, 5.3 × 10 9 pfu/ml; AdNull, 1 × 10 12 particles/ml, 5 × 10 9 pfu/ml. All animals received total viral injections of 3 μl, delivered as 1.5 μl into each lateral ventricle. When AdBDNF and AdNoggin were delivered together, they were injected at a 1:1 ratio (1.5 μl of each virus, mixed together before intraventricular injection) and hence brought to a final titer of 2.5 × 10 9 pfu/ml each within the same injectate.
Experimental design and stereotaxic injection. This study was approved by both the Institutional Animal Care and Use Committee of the Weill Medical College of Cornell University and the University Committee on Animal Resources of the University of Rochester. In one series of experiments, 6-wk-old R6/2 and WT mice received bilateral 1.5 μl intraventricular injections of AdBDNF/ AdNoggin, AdNoggin, AdBDNF, AdNull, or saline. In a second series, 4-wkold mice were injected with either AdBDNF/AdNoggin or AdNull and then infused beginning 1 wk later with either Ara-C or saline (see below). In each case, virus was stereotaxically delivered to the following coordinates: from Bregma, AP -0.5 mm, ML ±0.7 mm; from dura, DV -2.0 mm. In both series of experiments, mice dedicated to histological analysis were injected daily for 30 d with the mitotic marker BrdU (100 mg/kg, i.p.). BrdU injections were given for 30 d beginning at 6 wk for the first series and at 5 wk for the second series. All mice were sacrificed the day after the last BrdU injection.
FG labeling. A cohort of 10 mice received intraventricular injection of AdBDNF/AdNoggin (1 R6/2 and 3 WT), AdBDNF (3 WT), or AdNull (3 WT), followed by daily injections of BrdU for 3 wk. Three wk after the last BrdU injection, they were injected with 1 μl of 1% FG (Biotium) bilaterally into the globus pallidus (from Bregma, AP -0.8 mm, ML ± 2.25 mm; from dura, DV -3.25 mm), according to the coordinates of Paxinos (59) . The injected animals were sacrificed 10 d later and perfused with 2% paraformaldehyde; their brains were cryosectioned and stained for BrdU, followed by confocal identification of BrdU + FG + striatal cells.
Immunohistochemistry. The animals were sacrificed, perfusion fixed, and their brains removed a day after their last BrdU injection unless otherwise noted. Fixation was accomplished with 4% paraformaldehyde in 0.1M phosphate buffer, pH 7.4, followed by serial immersion in 6% and 30% sucrose in phosphate buffer. The brains were cryosectioned as 15-μm sagittal sections, then stained for BrdU and neuronal markers as previously described (11, 60, 61) . Individual sections were first stained for one of the following neuronal markers: βIII-tubulin, using mAb TuJ1 (mouse IgG, 1:400; Promega); DARPP-32 (rabbit antisera, 1:5,000; provided by H. Hemmings, Cornell University); GAD67 (mouse IgG, 1:100; Chemicon); NeuN (mouse IgG, 1:400; Chemicon); met-enkephalin (Chemicon); SP (Chemicon); (g) DCX (mouse IgG, 1:200; BD Biosciences - Pharmingen); and ChAT (goat antisera, 1:200; Chemicon). For costaining with BrdU, the sections were further washed and denatured in 2 N HCl at 37°C for 30 min, then exposed to monoclonal rat anti-BrdU (1:200; Serotec), followed by a goat anti-rat Alexa 488 secondary antibody (1:400; Molecular Probes Inc.). For triple staining, sections were treated with Ki67 (1:200; Lab Vision) or p27 Kip1 (rabbit antisera, 1:800; Chemicon) followed by anti-rabbit Alexa 647 secondary antibody (1:400; Molecular Probes Inc.). For caspase-3 immunostaining, sections were first washed with cold PBS with 0.1% Triton X-100 and 0.01% sodium citrate, followed by anti-caspase-3 (1:100; BD Biosciences - Pharmingen) and peroxidase-conjugated secondary antibodies, which were subsequently detected using diaminobenzidine and H2O2. DNA fragmentation was detected by TUNEL, which was performed according to the manufacturer's protocol (TUNEL Apoptosis Detection Kit; Upstate Biologicals).
Confocal imaging. In sections double-stained for BrdU and either βIII-tubulin, DARPP-32, GAD67, NeuN, or DCX, single striatal BrdU + cells were randomly selected for confocal imaging. Using an Olympus Fluoview confocal microscope, images were acquired using an argon-krypton laser and analyzed as previously described (11) . Briefly, the images of every cell double-immunostained with BrdU and a neuronal marker were observed orthogonally in both the vertical and the horizontal plane. Each potentially double-labeled cell underwent independent review by 2 observers. Only when both observers deemed a cell as double-labeled, with central BrdU immunoreactivity surrounded by neuronal staining from all observation angles in every serial optical section and in each merged and rotated composite, were the cells scored as newly generated neurons.
Scoring and quantification. Striatal BrdU + cells counts were done on 6 15-μm sagittal sections per animal; every sixteenth section was analyzed at 240-μm intervals, as previously described (11) . The striatal region sampled began with the first appearance of striatal fascicles. In each striatum, total BrdU + nuclei and βIII-tubulin + neurons were counted at ×20 magnification; these results were converted into BrdU + cells/mm 3 or neurons/mm 3 after determining the striatal surface area using BioQuant image analysis software, with which the net volume of each striatum was estimated. The number of striatal BrdU + βIII-tubulin + cells/mm 3 in a given section was then determined by multiplying the percentage of BrdU + cells that coexpressed βIII-tubulin in confocal-verified sample fields by the total number of BrdU + cells/mm 3 . Comparisons of the number of BrdU + βIII-tubulin + cells/mm 3 in AdBDNF/AdNoggin-, AdBDNF-, AdNull-, and saline-injected animals were performed using ANOVA and post-hoc Bonferroni t tests. Statistical analyses were performed using GB-Stat and SPSS.
